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ABSTRACT
As progenitors of the most massive objects, protoclusters are key to tracing the
evolution and star-formation history of the Universe, and are responsible for & 20
per cent of the cosmic star formation at z > 2. Using a combination of state-of-
the-art hydrodynamical simulations and empirical models, we show that current
galaxy-formation models do not produce enough star formation in protoclusters to
match observations. We find that the star-formation rates (SFRs) predicted from the
models are an order of magnitude lower than what is seen in observations, despite
the relatively good agreement found for their mass-accretion histories, specifically
that they lie on an evolutionary path to become Coma-like clusters at z' 0. Using
a well-studied protocluster core at z= 4.3 as a test case, we find that star-formation
efficiency of protocluster galaxies is higher than predicted by the models. We show
that a large part of the discrepancy can be attributed to a dependence of SFR on the
numerical resolution of the simulations, with a roughly factor of 3 drop in SFR when
the spatial resolution decreases by a factor of 4. We also present predictions up to
z' 7. Compared to lower redshifts, we find that centrals (the most massive member
galaxies) are more distinct from the other galaxies, while protocluster galaxies are
less distinct from field galaxies. All these results suggest that, as a rare and extreme
population at high-z, protoclusters can help constrain galaxy formation models tuned
to match the average population at z' 0.
Key words: methods: statistical – galaxies: formation – galaxies: evolution –
galaxies: haloes – submillimetre: galaxies – galaxies: clusters: general
1 INTRODUCTION
Protoclusters of galaxies, defined as the high-redshift pro-
genitors of galaxy clusters, are key to understanding the
evolution of
* E-mail: slim@phas.ubc.ca
† CITA National Fellow
evolution of the early Universe (e.g. Borgani & Kravtsov
2011). Since galaxy clusters are the most massive virialized
objects, they are expected to assemble and emerge latest in
the picture of hierarchical structure growth (e.g., Sheth &
Tormen 1999; Mo et al. 2010). However, observations have
accumulated a vast amount of evidence for ‘archaeological’
downsizing, whereby more than 20 per cent (and up to 50 per
cent) of the cosmic star formation occurred in galaxy clusters
at z' 2, in contrast to a fairly negligible contribution (< 1
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per cent) at z' 0 (e.g., Dressler 1980; Kauffmann et al.
2004; Stanford et al. 2006; van der Burg et al. 2013; Madau
& Dickinson 2014; Chiang et al. 2017). This underlines the
importance of protoclusters in understanding the formation
and evolution of galaxies (and particularly massive ones)
and large-scale structure (e.g., Overzier 2016; Oteo et al.
2018; Rennehan et al. 2020).
A great amount of effort has been put into identifying
and studying high-redshift protoclusters. Whereas clusters at
lower redshifts are usually detected via their Bremsstrahlung
radiation emitted in the X-ray from their cores (e.g., Rosati
et al. 2009; Wang et al. 2016; Mantz et al. 2018) or via
the Sunyaev-Zeldovich effect (e.g, Planck Collaboration XX
2014; Huang et al. 2020), the same detection methods are
less useful for identifying protoclusters because the signals
typically fall below current instrument sensitivity. Instead,
if one is interested in observing protoclusters during their
peak of star formation, one can look for overdense regions of
galaxies that are mostly star forming, which we see at (sub-
)millimetre wavelengths from their dust-reprocessed stellar
emission (e.g., Steidel et al. 2000; Venemans et al. 2007; Miley
& De Breuck 2008; Casey et al. 2014; Chiang et al. 2013, 2014;
Miller et al. 2015; Toshikawa et al. 2016; Lovell et al. 2018). A
number of protoclusters have been detected in this way, and
their total star-formation rates (SFRs) typically reach up to
around several thousands of M yr−1 (e.g., Ivison et al. 2013;
Dannerbauer et al. 2014; Umehata et al. 2014, 2015; Yuan
et al. 2014; Flores-Cacho et al. 2016; Hung et al. 2016; Wang
et al. 2016; Miller et al. 2018; Hill et al. 2020; Rotermund
et al. 2020).
Unfortunately, comparing these star-forming protoclusters
with simulations presents several challenges. First, the typ-
ical box size of current cosmological hydrodynamical simu-
lations is not large enough to contain a sufficient number of
the most massive objects in the Universe for a statistically
reliable analysis of the average population, nor to contain
possible outliers. The number density of (proto)clusters is
expected to be about one per every 107 to 109 Mpc3 (even
this range is highly uncertain due to completeness), while
most hydrodynamical cosmological simulations are run on a
periodic box whose size is, at best, comparable to this vol-
ume, thus containing only a few such systems (Dubois et al.
2014; Khandai et al. 2015; Schaye et al. 2015; Bocquet et al.
2016; Dave´ et al. 2016; McCarthy et al. 2017; Pillepich et al.
2018a; Dave´ et al. 2019). The fact that observations are also
not perfectly free from this limitation further complicates the
comparison. Secondly, SFR enhancements from galaxy inter-
actions may be underestimated in large-volume simulations
due to insufficient numerical resolution (e.g., Sparre et al.
2015; Sparre & Springel 2016; Grand et al. 2017). Thirdly,
it is generally not straightforward to make fair comparisons
between simulated data and direct observables because of ob-
servational effects, such as selection criteria and the uncertain
conversion of observables to physical properties. Finally, both
predictions from simulations and the interpretation of obser-
vational data at high redshift rely strongly on assumptions
that have only been confirmed to be valid at lower redshift,
such as the use of an initial mass function, dust attenua-
tion and conversion factors inferred from low-z observations.
Therefore it is unclear whether discrepancies reported from
recent studies between simulations and observations, such as
the discrepancy in the number density of protoclusters (e.g.,
Miller et al. 2015; Casey 2016), arise due to the uncertain-
ties listed above or are due to more fundamental failures in
the models used to make the predictions. Nonetheless, mod-
els generally agree on the downsizing of star formation in
massive objects (e.g. Hayward et al. 2013a; Rennehan et al.
2020).
In this paper, we use a high-resolution hydrodynamical
simulation, IllustrisTNG, and the merger tree derived from it,
together with a suite of zoom simulations of 390 massive clus-
ters, MACSIS, to study the discrepancies between simulated
and observed protoclusters in detail. Section 2 describes the
simulations and models that we use for our analysis, while
Sect. 3 summarizes the observational data. In Sect. 4, we
describe how we specifically make comparisons between the
models and data, and Sect. 5 presents our results. Section 6
examines in further detail a particular case study of a proto-
cluster, SPT2349−56, for which recent observations inferred
an exceptionally high SFR at z= 4.3 (Miller et al. 2018; Hill
et al. 2020). We discuss our findings in Sect. 8, and summarize
and conclude in Sect. 9.
2 MODELS
Here we describe the models that we choose to compare with
observation. Recently, there have been improvements to hy-
drodynamical simulations, yielding a better match to obser-
vational data, mainly due to better prescriptions for subgrid
models of stellar and active galactic nucleus (AGN) feedback
(Schaye et al. 2015; McCarthy et al. 2017; Weinberger et al.
2017; Pillepich et al. 2018a) and for the mixing of the re-
sulting energy, momentum and metals (e.g. Rennehan et al.
2019). However, hydrodynamical simulations still face a num-
ber of challenges.
A major issue is numerical convergence: most large-volume
simulations with the highest resolution attained so far still fail
to reach numerical convergence for many specific observables
(see e.g., Sparre et al. 2015; Sparre & Springel 2016; Grand
et al. 2017; Pillepich et al. 2018a; Vogelsberger et al. 2018).
The problem mainly arises from the fact that the baryonic
physics governing star formation and feedback operate on
the roughly parsec scale, while the best resolution currently
achieved in simulations reaches only down to around 50 pc
(e.g., Guedes et al. 2011; Wang et al. 2015; Sparre et al. 2015;
Sparre & Springel 2016; Sawala et al. 2016; Tremmel et al.
2017, 2019). The Feedback In Realistic Environments (FIRE)
project (Hopkins et al. 2014; Wetzel et al. 2016) probes down
to a smaller scale of 1–10 pc, but their simulation suites, as
well as many of the simulations listed above, are limited to
haloes less massive than 1014.5 M (MassiveFIRE; Feldmann
et al. 2016, 2017), and are thus yet to be suitable for studying
protoclusters (see table 2 of Vogelsberger et al. 2020, for a re-
view of current simulations). In addition, the parameters of
those subgrid models are typically tuned to match low-z ob-
servations, making it hard to break degeneracies among mod-
els of different evolutionary paths that end up with similar
z' 0 properties (studies of high-redshift comparisons like this
study are thus critical to constrain the detailed choices within
such models). Additionally, it is not always obvious how to
make like-with-like comparisons between data extracted from
simulations and direct observables, due to observational se-
lection effects. Finally, numerical simulations are computa-
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tionally expensive to run, prohibiting the exploration of a
large parameter space of physics recipes.
In order to overcome those caveats of simulations, there
have been alternative approaches to associate galaxies and
haloes using a simple modelling procedure, usually via a pa-
rameterization that describes the relation between dark mat-
ter haloes and their stellar components across redshifts (e.g.,
Jing 1998; van den Bosch et al. 2003; Bower et al. 2006; Cro-
ton et al. 2006; Behroozi et al. 2013; Moster et al. 2013; Lu
et al. 2014; Lim et al. 2017). However, this approach still often
relies on simulations indirectly, via merger trees that are ex-
tracted from simulations and used to trace the mass-accretion
history (MAH) of dark matter haloes. Dark-matter-only sim-
ulations and the derived MAHs are much more robust against
the effects of numerical resolution than full hydrodynamical
simulations, and are also at this point quite well understood.
Additionally, such approaches are computationally inexpen-
sive, and can use direct observables from a wide range of
redshifts as constraints for the models. Nevertheless, because
each astronomical survey observes with different instrumen-
tation and observing techniques, and observes different popu-
lations of galaxies at various evolutionary stages across time,
it is difficult to make a compilation of observational data
that is consistent in terms of systematics and limitations –
this makes it hard to evaluate uncertainties in the models
constrained by the data. Moreover, it is almost impossible to
make accurate predictions for individual galaxies from these
types of procedures, since the models are tuned based on
average populations at given mass and redshift. More impor-
tantly, model predictions highly depend on their parameter-
izations and how exactly they are tuned.
Therefore, to capture the whole range of limitations in
models, we choose to include predictions from both simu-
lations and from some empirical models for our comparison
with the observational data. In the next subsections we pro-
vide short descriptions of each model, and refer the reader to
the original papers and references therein for more details.
2.1 TNG300 simulations
The IllustrisTNG project (that we will refer to as ‘TNG’;
Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018,
2019; Pillepich et al. 2018b; Springel et al. 2018) has pro-
duced a series of cosmological hydrodynamical simulations.
We choose TNG for our analysis because, as will be shown
later, star formation in protoclusters strongly depends on res-
olution and TNG has one of the highest resolutions for its
cosmological volume, as well as having a wide range of reso-
lutions, which allows us to explicitly probe the effect of resolu-
tion. TNG uses the Arepo code (Springel 2010), with signif-
icantly updated schemes applied to magnetohydrodynamics
(Pakmor et al. 2011) and ‘wind-mode’ black-hole feedback, in
particular, compared to the original Illustris project (Vogels-
berger et al. 2014a,b; Genel et al. 2014; Sijacki et al. 2015),
the predecessor of TNG. The simulations assume the cosmo-
logical parameters of Planck Collaboration XIII (2016), with
σ8 = 0.816, h ≡ H0/(100 km s−1 Mpc−1) = 0.677, Ωm = 0.309
and Ωb = 0.0486.
At the time of this paper being written, the TNG out-
puts have been made public for two cosmological volumes,
which are approximately 100 cMpc and 300 cMpc on a side,
where cMpc is a comoving Mpc unit (as opposed to a phys-
ical Mpc, which we call Mpc). Because the objects we are
interested in are extremely rare, we exclusively use the lat-
ter simulation for analysis in this paper, and refer to this
as ‘TNG300’. TNG300 is provided at three different resolu-
tions, referred to as ‘TNG300-1’, ‘TNG300-2’ and ‘TNG300-
3’, in order of high to low resolution. In TNG300-1, the peri-
odic box of (300 cMpc)3 is sampled with (2500)3 dark matter
particles and (2500)3 gas particles, with the target baryon
and dark matter particle mass being mb = 1.1 × 107 M
and mDM = 5.9× 107 M, respectively. The z= 0 Plummer-
equivalent gravitational softening length for the collisionless
component (z=0DM,∗) is 1.5 kpc, and the minimum comoving
value of the adaptive gas gravitational softening (mingas ) is
0.25h−1ckpc. TNG300-2 (TNG300-3) is run with 8 (64) times
lower mass resolution for both the dark matter and gas com-
ponents, with the softening lengths twice (four times) those
of TNG300-1. The analysis and results presented in this pa-
per are mainly based on TNG300-1, and hereafter we refer to
TNG300-1 as ‘TNG300’ for the sake of brevity, except where
stated explicitly (e.g. in Sect. 8, where we investigate the
impact of numerical resolution).
The snapshots from TNG are saved and provided at a total
of 100 epochs, from z' 20 to z= 0, with the timesteps be-
tween the snapshots ranging between 50 and 200 Myr. Later
in our analysis, we will be choosing the snapshot closest to the
redshift relevant for the observational data that we compare
to.
Because the masses and spatially resolved length sizes are
larger than the typical scales of the interstellar medium (ISM)
where star formation takes place (even for TNG300-1), star
formation is treated using a subgrid model. Specifically, the
simulations follow Springel & Hernquist (2003) for the star-
formation prescription and for pressure within the multi-
phase ISM. In this recipe, gas with density above a threshold
of nH' 0.1 cm−3 forms stars at a rate that reproduces the
Kennicutt-Schmidt law (Schmidt 1959; Kennicutt 1998) in
a stochastic manner, with a characteristic gas consumption
timescale of tSFR = 2.2 Gyr at the threshold density. The sim-
ulations specifically assume a Chabrier initial mass function
(IMF; Chabrier 2003).
From each snapshot, haloes are identified by running the
friends-of-friends (FoF; Davis et al. 1985) algorithm only on
the dark matter particles, with a linking length of 0.2 times
the average separation between the particles. The other types
of particles, such as gas and stars, are assigned to the same
FoF halo as their nearest dark matter particle. For each halo,
we define a total mass, M200, by accounting for all types of
halo particles within R200.
1. Definitions of mass used for our
analysis are detailed in Sect. 4. After this step, the substruc-
tures of haloes (also referred to as ‘subhaloes’), where the
galaxies reside, are identified using the Subfind (Springel
et al. 2001; Dolag et al. 2009) algorithm.
2.2 Merger tree of TNG300
Although we do not have sufficient understanding of the ob-
served protoclusters to match populations across time and to
1 R200 is the radius within which the mean enclosed mass density
is 200 times the critical density of the Universe, and M200 is the
mass enclosed within R200.
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Table 1. List of simulations used. From left to right the columns show: simu-
lation name; comoving box size; baryonic mass; dark matter particle mass; and
the Plummer-equivalent gravitational softening length.
Simulation L mb mDM DM
[cMpc] [h−1 M] [h−1 M]
TNG300-1 303 7.6× 106 4.0× 107 2h−1ckpc→ 1h−1kpca
TNG300-3 303 4.8× 108 2.5× 109 8h−1ckpc→ 4h−1kpc
MACSIS 3200
b
8.0× 108 4.4× 109 4h−1ckpc→ 4h−1kpcc
Notes.
a For TNG300, the softening length is fixed in comoving units for z > 1 and in
physical units thereafter.
b The box size of the parent simulation.
c For MACSIS, the softening length is fixed in comoving units for z > 3 and in
physical units thereafter.
compare their detailed evolution with the simulations, it may
still be useful to investigate the merger trees of clusters from
simulations in order to understand how they build up their
stellar mass, and look for any discrepancies with observation
within specific snapshots.
To this end, we use the merger tree from TNG300. Two
distinct merger trees have been generated and released for
TNG300, using SubLink (Rodriguez-Gomez et al. 2015) and
LHaloTree (Springel 2005). We find that our analysis and
conclusions are insensitive to which of the two merger trees
are used. We choose to present our results based on the Sub-
Link trees throughout the paper because these trees allow
us to track objects in a more consistent way for our specific
science goal, with provided links to ‘descendants’, ‘first and
last progenitors’, ‘root descendants’ and ‘main leaf progen-
itors’, as well as direct links to (sub)haloes and their prop-
erties at each snapshot – all useful for tracing the evolution
of (proto)clusters. The details of how we specifically use the
merger trees for our analysis are presented in Sect. 4.
2.3 MACSIS simulations
Carrying out an effective simulation of protoclusters is chal-
lenging. Given the large scales involved in their collapse pro-
cess, covering a few tens of cMpc, a large volume needs to
be simulated, while high resolution is also required to accu-
rately capture the physics involved in their highly dense en-
vironments. At the same time, however, since they are quite
rare, it is not guaranteed to have protoclusters form in a sim-
ulated box if the region and initial conditions for the box are
chosen randomly. With these considerations, it may be more
appropriate to study protoclusters using ‘zoom’ simulations,
where simulations are re-run at much higher resolution and in
a smaller sub-volume that is specific to the formation of the
objects of interest, derived from a parent simulation that is
large enough to contain a reasonable number of such objects.
Because only the selected objects from a parent simulation
are re-run, however, it may bias results if a selection for a re-
simulation does not match that from observation for a given
study.
We examine the results from the Virgo consortium’s MAs-
sive ClusterS and Intercluster Structures (MACSIS) project
(Barnes et al. 2017) in our comparisons with the observa-
tional data. MACSIS is a suite of 390 massive clusters selected
from a large ‘parent’ dark matter-only simulation and resimu-
lated with full baryonic physics (i.e. hydrodynamics and pre-
scriptions for star formation and feedback). Because MAC-
SIS adopts mostly the same baryonic physics as applied in
the BAryons and HAloes of MAssive Systems (BAHAMAS)
simulations (McCarthy et al. 2017), it can be considered as
an extension of BAHAMAS to the most massive (and rare)
collapsed objects.
The parent model here is a dark matter-only simulation
that is 3.2 cGpc on a side, using cosmological parameters ex-
plicitly from Planck Collaboration XIII (2016), the values of
which are σ8 = 0.829, h= 0.678, Ωm = 0.307 and Ωb = 0.0483.
We refer the reader to Barnes et al. (2017) for a more detailed
description of the parent simulation.
From a total of 9754 massive haloes (> 1015M at z= 0)
that are identified in the parent simulation, a sample of
390 massive haloes was randomly selected for the high-
resolution resimulation. With logarithmically spaced bins of
∆ log10MFoF = 0.2, all haloes were selected from bins con-
taining less than 100 haloes. For any bin containing more than
100 haloes, the bin was subdivided into bins of 0.02 dex, from
each of which 10 haloes were randomly chosen for the resim-
ulation. The resulting sample of 390 haloes is summarized in
Table 1 of Barnes et al. (2017) and is found to represent well
the underlying population of the parent simulation in their
properties.
This sample of haloes was resimulated using a zoom sim-
ulation technique (Katz & White 1993; Tormen et al. 1997).
The mass of particles in the zoom simulations are mDM =
4.4×109 h−1M and mgas = 8.0×108 h−1M, and the Plum-
mer equivalent softening length is from 4h−1ckpc (at z > 3)
to 4h−1kpc. Note that the mass resolution and softening
length match those of BAHAMAS, and are comparable to
those of TNG300-3, while the mass resolution is much lower
than that of TNG300-1.
We refer the reader to Schaye et al. (2010), Le Brun et al.
(2014) and McCarthy et al. (2017) for details of the subgrid
models adopted in MACSIS, and only provide a brief sum-
mary here. In MACSIS, star formation is implemented follow-
ing the basic recipe of Schaye & Dalla Vecchia (2008), such
that gas particles with a density of nH> 0.1 cm
−3 form stars
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stochastically at a pressure-dependent rate that matches the
Kennicutt-Schmidt law, assuming a Chabrier IMF. Radiative
cooling is modelled based on Wiersma et al. (2009a), while
stellar evolution and chemical gas enrichment are computed
following Wiersma et al. (2009b). For stellar feedback, the
kinetic wind model of Dalla Vecchia & Schaye (2008) is im-
plemented. The simulation follows Booth & Schaye (2009) for
the seeding and growth of black holes, as well as for feedback
driven by black holes.
2.4 Empirical models
Another way to explore the star-formation history of haloes
is via modelling of the stellar mass versus halo mass relation
(SMHMR) or via modelling of the SFR in haloes of a given
property using a simple parameterization, where the param-
eter values are constrained by observational data. Significant
progress has been made in recent years with these ‘empirical’
models, which link the evolution of galaxies to the evolution
of dark matter haloes. This approach generally begins by as-
suming a parameterized SMHMR that is allowed to vary with
redshift through another parameterized function. Then the
evolution of stellar mass is traced by applying the SMHMR
to merger trees of dark matter haloes extracted from either
simulations or a merger tree generator (e.g. Parkinson et al.
2008). The difference in stellar mass between each timestep
of the merger tree (after accounting for the changes due to
mass loss and mergers) is taken as the in situ star forma-
tion between the timesteps, and the quotient of this and the
step size is used to estimate the SFR. The resulting stellar
component of galaxies computed for each set of parameter
values is compared with observations to find the parameters
that match the observations best. Here we adopt two specific
models, namely those of Behroozi et al. (2013) and Moster
et al. (2013).
Following the general approach described above, Behroozi
et al. (2013, hereafter B13) constrained the SMHMR using
observational constraints of the stellar mass function (SMF),
specific SFR (sSFR) and cosmic SFR density (CSFD) at var-
ious redshifts. In particular, they made use of a new compi-
lation of data, including observations at very high redshifts
(Bouwens et al. 2011; McLure et al. 2011; Bradley et al. 2012),
which enabled them to place constraints on the model to
z' 8, while previous works only used observations typically
at z < 2, limiting the validity of models significantly. B13 also
accounted for numerous observational systematics, such as
the measurement error in stellar mass due to uncertainties in
stellar population synthesis, dust models and star-formation
histories (SFHs), as well as scatter in the SMHMR and in-
completeness, by including them in the parameterization and
constraining them together with the other parameters. Aside
from the parameters set to account for the uncertainties, the
SMHMR in their modelling consists of five components: a
characteristic halo mass; a characteristic ratio; the faint-end
slope; and the massive-end slope and amplitude. Each of these
is allowed to vary with redshift through additional functional
parameters. We note that Behroozi et al. (2019) updated this
B13 model with a new, more comprehensive set of observa-
tional data as constraints, but the change in the results is
insignificant for our analysis.
Another empirical model that we consider for comparison is
that of Moster et al. (2013, hereafter M13). Unlike B13, where
observed SFRs were also used as constraints, M13 used only a
compilation of observed SMFs at 0<z< 4.5 to constrain their
model, and compared predictions of sSFR and CSFD with
those from observation to validate the model. Their param-
eterization of the SMHMR is a double power law, thus con-
sisting of four parameters: the characteristic halo mass; the
normalization; and the slopes for the low-mass and high-mass
ends of the SMHMR. Each of these parameters are further
broken down to track their evolution with redshift. Similar
to B13, M13 incorporates in their model the measurement
error of the observed stellar mass. The CSFDs and sSFRs
for haloes with different masses predicted by the model thus
constrained are found to match those from observations rea-
sonably well, except for massive systems at redshifts z& 2,
which is the regime that our study focuses on. The model of
M13 was recently updated in Moster et al. (2018) by directly
relating the SFR (instead of stellar mass) to the MAH, and
by using an updated compilation of observations including
the sSFR and CSFD as additional constraints. We find, how-
ever, that within the uncertainties the SFRs predicted from
the updated results agree well with those from M13.
3 OBSERVATIONAL DATA
Galaxy protoclusters at high redshifts are not observable
through standard cluster-detection techniques, such as ther-
mal X-rays and the Sunyaev-Zeldovich effect, since the signals
usually fall below the current detection limits of instruments.
Instead, the main observational signature of galaxy proto-
clusters comes from the galaxies themselves, which emit light
primarily at infrared, (sub)-millimetre and radio wavelengths.
Galaxy protoclusters can be discovered via their stellar
emission by searching for overdensities of galaxies, either
photometrically or spectroscopically, in large-area surveys.
Examples of such protoclusters include the SSA22 structure
(Steidel et al. 2000; Umehata et al. 2015, z' 3.1), the Sub-
aru Deep Survey structure (Shimasaku et al. 2003, z' 4.9),
the COSMOS z= 2.44 structure (Chiang et al. 2015), PC
217.96+32.3 (Dey et al. 2016, z' 3.8), and z57OD and
z66OD in the SXDS field (Harikane et al. 2019, z' 6).
Galaxies residing in protoclusters are also expected to be
very active and have large star-formation rates (e.g. Ren-
nehan et al. 2020). A large star-formation rate corresponds
to a large amount of far-infrared emission (which we see
at submillimetre-to-millimetre wavelengths in the observed
frame), and many galaxy protoclusters have been discov-
ered by searching for similar overdensities of submillime-
tre galaxies, such as the GOODS-N protocluster (Chapman
et al. 2009, z= 1.99), the COSMOS z= 2.10 cluster (Yuan
et al. 2014; Hung et al. 2016), PCL1002 (Casey et al. 2015,
z= 2.44) and the Distant Red Core (‘DRC’, at z' 4.0; Oteo
et al. 2018; Long et al. 2020). Another approach is to search
for bright, unresolved peaks in large-area millimetre or sub-
millimetre surveys, and then to follow up promising targets
with higher-resolution facilities. Data from cosmic microwave
background experiments, for example the all-sky Planck sur-
vey Planck Collaboration Int. XXVII (2015); Planck Collab-
oration Int. XXXIX (2016), are particularly useful for this
purpose. This technique has uncovered protoclusters such
as PHz G95.5−61.6 (Flores-Cacho et al. 2016, z' 2), PHz
G073.4−57.5 (Kneissl et al. 2019, z= 1.5–2.4), SPT2349−56
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(Miller et al. 2018; Hill et al. 2020, z= 4.3) and SPT0311−58
(Chapman et al. in prep., z' 6.9); indeed, the South Pole
Telescope (SPT) survey has uncovered nine protocluster can-
didates to date at z= 3–7 (Wang et al. 2020).
Another feature of actively star-forming galaxies is that
they might contain AGN, which can be detected at even
longer wavelengths. Indeed, radio galaxies have been used
as signposts for uncovering protoclusters, helping discover
objects around the AGN HS1700+643 (Steidel et al. 2000,
z' 3.1), HS1549+19 (Steidel et al. 2011, z' 2.6) and
MRC1138−262 (Dannerbauer et al. 2014, z= 2.16).
Given the wide range of selection techniques used to find
and catalogue galaxy protoclusters, comparison between sam-
ples is challenging. On the other hand, differences between
selection techniques could also be used to trace protoclusters
at different stages on their evolutionary path towards clus-
ters, and hence fill in the picture of how large-scale structure
forms. In particular, the use of submillimetre and millimetre
wavelengths provides a direct probe of star formation, giving
us a technique that is biased towards the epoch of maximal
star-formation activity, rather than tracing stellar mass, viri-
alized mass or IGM gas.
Because we are interested in the star formation within
protoclusters, we construct an observational sample of star-
formation-selected protoclusters to be compared with the
models in our analysis. Specifically, the sample that we
use consists of the seven structures from Casey (2016), i.e.
the GOODS-N protocluster, the COSMOS z= 2.10 cluster,
MRC1138−262 and the COSMOS (at z= 2.44), SSA22 (at
z= 3.1), HDF 850.1 (at z= 5.18) and AzTEC-3 at (z= 5.30)
structures.2 The masses of these structures are based on the
same paper and their SFRs come from Hill et al. (2020).
We also compare with eight more SPT protocluster can-
didates with properties based on Wang et al. (2020) and
Chapman et al. in prep., namely i.e. SPT0303−59 (z' 3.3),
SPT0311−58, SPT0348−62 (z' 5.7), SPT0457−49 (z' 4.0),
SPT0553−50 (z' 5.3), SPT2018−45 (z' 3.2), SPT2052−56
(z' 4.3) and SPT2335−53 (z' 4.8). Finally we include the
DRC and SPT2349−56, with their properties based on Oteo
et al. (2018) and Long et al. (2020) and on Miller et al. (2018),
Hill et al. (2020) and Rotermund et al. (2020), respectively.
Note that we make this sample selection because these are
well-studied structures with properties that are relatively well
constrained. Some of the properties explored in our analysis
are available only for a subset of this sample from the litera-
ture, in which case we only use the appropriate subset for a
comparison to our results.
4 METHODS
The objects of particular interest to us here are the most
massive in the Universe, which are expected to evolve to be-
come at least Virgo-like clusters (more likely up to Coma
cluster-type) at z= 0, with total mass of M200 ' 1015 M.
TNG300 contains approximately 50 (25) simulated clus-
ters with M200> 10
14.5 M (> 1014.6 M) at z= 0. From
TNG300, we choose the 25 most massive clusters identified
2 We do not include the GN20 overdensity Casey (2016) because
of the uncertainty in its volume estimate, which is required for
conversions to quantities within 5R500 later in our analysis.
at z= 0 for our analysis. This is nearly the maximum num-
ber of objects available from the simulation within the es-
timated mass range of observed protoclusters, and at the
same time is a large enough number to study their average
trends (although average trends from the mass-limited sam-
ple could be biased with respect to the mainly SFR-based
selection from the observations, as will be discussed later), as
well as to include potential outliers of this already extreme
population. The total mass of the TNG300 sample ranges
from M200 = 10
14.56 M to 1015.19 M, with a median of
1014.70 M.
From the MACSIS simulations, on the other hand, we use
the entire sample of 390 clusters (as described in Sect. 2.3)
for our analysis. The MACSIS sample complements that of
TNG300, with a much larger sample size, increasing the
chance of having extreme outliers in particular, but also
focuses on even more massive clusters (M200 ranging from
1014.37 M to 1015.79 M, with a median of 1015.15 M) com-
pared to the TNG300 sample.
There are many ways to select galaxies from simulations
and hence it is not straightforward to ensure that a fair
comparison is being made with the observations. One rea-
son for this difficulty is the limited realisations of simulations
to choose from, and another aspect for our study is that ob-
served protoclusters and their galaxies are detected due to
their high SFRs and thus may be biased towards a subset
of the population with the highest SFRs (see e.g. figure 5 of
Rennehan et al. 2020, which shows a large spread in accre-
tion history from objects at a given z= 0 mass). What we do
know is that the number density of observed protoclusters
is estimated to be similar to that of massive clusters with
M200 & 1014.6 M at z' 0 (Casey 2016) and that an average
mass-accretion history predicts that most observed protoclus-
ters will evolve into such massive clusters at z' 0. Given this
information, one expects a significant overlap between the
high SFR-selected protoclusters and massive clusters with
M200 & 1014.6 M at z' 0 (the overlap will not be complete
between the two selections because not all structures will fol-
low the average accretion history). This mass limit matches
that of the TNG300 sample and is slightly lower than that of
the MACSIS sample (as described above), while the number
density of both the TNG300 and MACSIS samples is also
within the range of the estimated number density of pro-
toclusters from observations. For TNG300, we directly con-
firm that the samples are similar and thus our results do not
change much when a selection is made entirely based on SFR
(by rank in SFR, specifically, at each given redshift) instead
of this mass cut (see Appendix A). To further limit selection
effects, we present individual simulated clusters for most of
our results and subsequent discussions, rather than just the
median or average trends.
We track the growth and accretion history of individual
clusters in our sample in order to study their ‘protoclus-
ter phase’ by linking them between the simulation snapshots
across time. At a given redshift, we define a protocluster by
including all galaxies that eventually collapse to a z= 0 clus-
ter. While this is straightforward for the MACSIS clusters (for
which the simulations were run focusing on each of them), it
is less clear how to do this for the TNG300 sample and we
choose to do this by using the SubLink merger tree to trace
them. This is simply done by accounting for all (sub)haloes at
a given redshift along the merger trees of all z= 0 subhaloes.
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100 kpc
Figure 1. Distribution of the gas cells associated with the main halo for the 25 most massive protoclusters (i.e. the progenitors of the
25 most massive z = 0 clusters; see the text for a detailed definition of a protocluster and its main halo) from the TNG300 simulation at
a redshift of 4.4. The particles are colour-coded according to their star-formation rate (SFR) on a logarithmic scale. The largest circle in
each panel shows the location of R500 for the main halo, while the smaller circles indicate subhaloes.
We do this by tracking the accretion history of all individ-
ual galaxies and subhaloes using the ‘LastProgenitorID’ and
‘MainLeafProgenitorID’ links, which, when combined, allow
us to probe each branch of a z= 0 subhalo individually within
the merger tree of the subhalo.
The spatial extent of protoclusters defined from observa-
tional measurements can be quite ambiguous, and choices for
how to do this vary greatly among studies and objects, mak-
ing it extremely difficult to perform a fair, reliable compari-
son between objects or with simulations. The spatial extent
of the observational sample chosen for our analysis, in partic-
ular, spans roughly an order of magnitude, ranging between
0.5 and 5 Mpc. For consistent analysis of properties across
objects from both the simulations and the observations, we
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use the simulations to convert all properties to those within a
common aperture of 5R500.
3 Specifically, we first extract the
mean relations between total mass within an observed aper-
ture and M500 from the simulations for each observed proto-
cluster of a given redshift and mass (using only simulated pro-
toclusters of similar redshift and aperture mass). We do not
find any systematic dependence of the relation on SFR. We
then use the obtained relations to estimate M500 from a to-
tal mass within an observed aperture reported in the original
papers for each observed protocluster. The mass conversion
uncertainty is found to be significant, typically a factor of 10,
meaning that any study or comparison will fail if mass is not
properly calibrated. Using R500 computed based on the es-
timated M500, and using the spatial distribution of observed
galaxies, we calculate an observed property within 5R500 by
summing up that property for member galaxies within 5R500.
Similarly, we also use the mean relations extracted from the
simulations to estimate M200 of the observed protoclusters,
which is assumed to correspond to that of the ‘main’ halo
in the simulated protoclusters. In the simulations, we define
the main halo as the FoF halo that the main progenitor4 of
the most massive subhalo in a cluster at z= 0 belongs to at
a given redshift. While this definition of the main halo has
an advantage that it tracks (progenitors of) the same objects
across redshifts, thus allowing us to study their evolution, it
may be more appropriate to select haloes with the highest
SFR at each redshift, given that the observed protoclusters
are mainly detected due to their high SFRs. In Appendix A,
we test the SFR-based choice for the definition of the main
halo, and demonstrate that this choice does not change the
results significantly compared to the much larger discrepancy
found with the observations.
In each FoF halo in the simulations, we refer to the galaxy
associated with its most massive subhalo as the ‘central
galaxy’, and all the other galaxies as ‘satellites’. We define
the galaxy and cluster ‘centres’ as the positions of the min-
ima of the gravitational potentials that are directly available
from both simulations. For each galaxy, we compute the total
mass (Mtot), stellar mass (M∗), gas mass (Mgas), and SFR
by summing up the relevant quantity for all particles (or cells
for the gaseous component in TNG300) of the corresponding
type that belong to a given subhalo. Because the gas masses
for the observed protoclusters are primarily measured based
on low-J CO transitions which trace ‘cold’ gas, we also want
to focus on only the cold gas components from the simula-
tions in order for the comparisons to be fair. Unfortunately,
there is no simple criterion for defining the cold component
in the simulations that perfectly matches that from the ob-
servations. As an approximation, we choose to consider only
gas cells/particles with nH> 0.1 cm
−3 from the simulations
for computing the gas mass. This should be a reasonable
approximation because these are particles/cells set to form
3 R500 is the radius within which the mean enclosed mass density
is 500 times the critical density of the Universe and M500 is the
mass enclosed within R500.
4 The main progenitor is the progenitor of a subhalo along its
‘main progenitor branch’, which is defined as the one with the
most massive history among all its progenitor branches on the
merger tree. The main progenitors are easily traced in time using
the ‘FirstProgenitorID’ or ‘MainLeafProgenitorID’ links provided
for TNG.
stars in both simulations (see Sect. 2.1 and 2.3). We use only
galaxies with a minimum of 100 baryonic particles for our
analysis, except in Sect. 6, where we show all galaxies with-
out a minimum particle limit, but indicate the mass limits
corresponding to 100 particles by plotting appropriate lines.
We note, however, that the contribution from the galaxies
with less than 100 particles to the SFRs integrated within
5R500 is negligible.
Not all galaxies are detected in given observations due to
observational sensitivity. While it is obvious that some cri-
teria for selecting simulated galaxies are needed in order to
mimic the observations, a choice for such a criterion is unclear
because the sensitivity varies with many factors such as sur-
veyed area, methods used for detection, redshift ranges and
properties of individual objects. For simplicity, here we apply
a selection cut of SFR > 50 M yr−1, with a Gaussian ran-
dom scatter of 0.2 dex. This choice broadly agrees with the
lower limit of SFR that corresponds to a typical detection
limit on flux density and line emission for the observations
and redshift range considered in our study (e.g., Scoville et al.
2016; Miller et al. 2018; Hill et al. 2020; Long et al. 2020).
The Gaussian scatter is used to incorporate the dispersion in
SFR at a given sensitivity, mainly arising from a scatter in
the dust mass, which is also known to affect the flux density
(see also Hayward et al. 2011, 2013a,b). As will be seen in
Sect. 6, the lower limit in gas mass and SFR of the simulated
galaxies chosen with this selection is in a good agreement with
that of observed galaxies. All results presented in this paper,
including the total SFRs of protoclusters, are only based on
the simulated galaxies that pass this selection criterion.
Figure 1 shows the gas cells, colour-coded according to
their SFRs, associated with the main halo of the protoclus-
ters from the TNG300 sample at a redshift of 4.4, which
is the closest snapshot of TNG300 to the redshift of the
SPT2349−56 structure. In each panel, the largest circle shows
the location of R500 for the main halo, while the smaller cir-
cles indicate subhaloes. One can see that there is a great
amount of variety in the morphology of the simulated proto-
clusters.
5 RESULTS
5.1 Mass-accretion history
One of the key properties that describes a halo is its mass:
halo mass is known to correlate (weakly) with many of the
other halo properties, such as size, formation time, concentra-
tion, spin parameter, clustering and environment (e.g., Fall
& Efstathiou 1980; Mo & White 1996; Sheth et al. 2001;
Zhao et al. 2003, 2009), although with a large spread (e.g.
Rennehan et al. 2020). Because galaxies are believed to form
and evolve within their dark matter haloes, the halo mass is
further known to have an important impact on galaxy evo-
lution. Thus a halo’s mass also correlates with properties of
the galaxies embedded within it, including galaxy number
density, size, luminosity, morphology, angular momentum,
colour, stellar age, SFR and gas contents (e.g., Vogelsberger
et al. 2014b; Schaye et al. 2015; McCarthy et al. 2017; Lim
et al. 2018; Pillepich et al. 2018b; Wang et al. 2018; Behroozi
et al. 2019).
Comparing the masses of the observed protoclusters with
MNRAS 000, 1–21 (2020)
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Figure 2. Evolution of the main halo mass (left panel) and size (right panel) of the 25 most massive z = 0 clusters from TNG300 (salmon
lines) to z' 7, together with the median and 99.5 per cent range from the entire MACSIS sample (blue line and band, respectively). For
the TNG300 results, the solid lines are used for a subset consisting of the five most massive clusters, while the dotted lines are for the rest
of the sample. The pentagons represent an observational compilation from the literature, as described in Sect. 3, with the correction for
aperture mass described in Sect. 4; this consists of the seven protoclusters/overdensities from Casey (2016), together with SPT2349−56 at
z= 4.3 from Hill et al. (2020) and SPT0348−62 at z' 5.7 from Chapman et al. (in prep). The green triangles show X-ray-selected massive
clusters at lower redshift, namely XMMU J2235.3 (Rosati et al. 2009), XLSSC 122 (Mantz et al. 2018), IDCS J1426.5+3508 (Stanford
et al. 2012; Brodwin et al. 2016), JKCS5041 (Andreon et al. 2014), CL J1449+0856 (Gobat et al. 2011, 2013) and CL J1001+0220 (Wang
et al. 2016), as well as the Coma cluster, for a comparison of their evolution over a wider range of redshifts. We find that the mass
evolution of the simulated clusters is described well, within a typical scatter of ' 0.2 dex, by the fitting function given in Eq. 1.
those of the simulated clusters, therefore, will not only con-
firm whether the simulations contain an appropriate popula-
tion that corresponds to the observational samples, but will
also help to determine approximately the evolution of the
protoclusters (such as their mass at z= 0, which is not di-
rectly available from observations). In Fig. 2 we investigate
the MAH of the TNG300 and MACSIS cluster samples out
to z' 7, as described in Sect. 4, and compare them with that
from the observational data (symbols), as compiled in Sect. 3
and corrected for mass in Sect. 4. For comparison, we also plot
some of the X-ray-detected massive clusters at lower redshift,
shown by the green triangles, which include XMMU J2235.3
(Rosati et al. 2009), XLSSC 122 (Mantz et al. 2018), IDCS
J1426.5+3508 (Stanford et al. 2012; Brodwin et al. 2016),
JKCS5041 (Andreon et al. 2014), CL J1449+0856 (Gobat
et al. 2011, 2013) and CL J1001+0220 (Wang et al. 2016),
as well as the Coma cluster. It is worth noting that the mass
for the observational sample from the original papers is not
always estimated in the same way; for some of them the to-
tal mass is obtained via abundance matching, based on the
estimated stellar masses, which are derived from luminosi-
ties with an assumed mass-to-light ratio, while for others it
is estimated based on the galaxy overdensity or dynamical
mass.
As can be seen, M200 for the observational sample is com-
parable to that of the TNG300 sample, meaning that the
TNG300 cluster samples are fairly representative of the ob-
served (proto)clusters, regarding their masses. The MACSIS
sample is about 2–3 times more massive on average than the
TNG300 sample at any given redshift. This is because the
average mass of the sample is higher for MACSIS than for
TNG300 by about the same factor (see Sect. 4). We also
use the solid lines to indicate the results from a subset con-
sisting of the five most massive (at z= 0) clusters from the
TNG300 sample, while using the dotted lines to show the re-
sults from the rest of the sample. The subset of the TNG300
sample is consistent with the MACSIS sample regarding the
MAH. The mass estimates for a few protoclusters observed at
around z' 5 (HDF 850.1 and AzTEC-3 structure) are found
to be much lower than the average MAH from the simula-
tions. While this can be a result of stochasticity in the MAH
for individual clusters (and a few of the TNG300 clusters are
indeed found to have masses consistent with these observed
protoclusters in the same redshift regime, but still become
clusters with ' 1015 M at z= 0), it could also be due to the
mass estimates from observations at the highest redshifts be-
ing highly uncertain. We find that the MAHs of the simulated
clusters are described well by the following fitting function,
with a typical scatter of about 0.2 dex:
log10
( M200(z)
M200(z = 0)
)
= −0.741z + 0.0322z2 − 0.00237z3. (1)
In the right panel of Fig. 2 we also show the size evolution
of the simulated clusters, compared with R500 of the observed
protoclusters estimated in Sect. 4. The R500 value estimated
for the SPT2349−56 protocluster, for example, is remarkably
consistent with the observational estimate of between 65 and
90 kpc (Hill et al. 2020, hereafter H20), and also consistent
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Figure 3. Star-formation history of the 25 most massive z = 0 clusters from TNG300, calculated within 5R500 (black) and R500 (green),
centred on their main halo, and for the entire protocluster (blue). The M200 value of each cluster at z = 0 is indicated in each panel as
a logarithm in solar mass units. The red histograms show the number of mergers with a mass ratio greater than 3:1 that occurred with
the main halo in a given redshift bin, while the red lines indicate the same number of mergers but weighted with the mass ratio of the
mergers.
with the range of R500 values from the simulations at the
same redshift of z' 4.3.
5.2 Star-formation history
Despite the similarity in MAHs, this does not tell us much
about the gaseous and stellar components, since the to-
tal mass is dominated by the dark matter rather than the
baryons, and thus is mostly governed by gravity and cosmol-
ogy, rather than by galaxy-scale physics. A more detailed and
quantitative comparison with observations can thus be made
through a direct examination of the properties of the baryons.
One of the key properties of galaxies is the SFR, since it
is shown to have strong correlations with many other galaxy
properties, such as colour, age and morphology. Figure 3 in-
vestigates the star-formation history (SFH) of the 25 massive
clusters from TNG300 out to z' 7. We specifically show the
SFH of protoclusters, i.e. all galaxies and subhaloes that be-
come a member of a given cluster at z= 0 (as defined in
Sect. 4), together with the SFH calculated within 5R500 and
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R500 of the main halo (also defined in Sect. 4). One can see
that most of the star formation in the protoclusters at high
redshift occurs outside the main halo, while star formation
in the main halo is relatively centralized, with only a small
fraction of stars forming outside its R500 radius on average
(although the scatter between the individual clusters and for
different redshifts is large). At low redshift, the trends are
reversed, so that most star formation occurs within the main
halo but outside its R500 radius. Note that the integrated
SFR shown here includes the contribution from galaxies that
are not associated with the main halo. Although we find that
such contributions are insignificant at z& 2, which our anal-
ysis focuses on, the contribution is significant at the lower
redshifts, such that the SFH of (proto)clusters (blue curve)
is lower than that within 5R500 (black curve) at z. 1.
Figure 4 compares the median and 99.5 per cent range of
the SFH of the TNG300 and MACSIS samples with the ob-
servations and with the model predictions of B13 and M13.
We also show, using thin lines, the SFHs of the 25 most mas-
sive clusters from the MACSIS sample. The median SFH from
the subset consisting of the five most massive clusters in the
TNG300 sample is consistent with that from the whole sam-
ple, except at z& 4.5, where the former is higher by a factor of
approximately 2 compared to the latter. Both the simulations
and the empirical models predict much lower SFRs than that
seen in the observations, with the upper limit from the simu-
lations marginally overlapping with the lower limit from the
observations. Given the similarity in the MAH between the
observations and the simulations previously shown in Fig. 2,
the large discrepancy seen here indicates that the SFRs pre-
dicted by the simulations are much lower than the observa-
tions at a given mass. The predictions of the empirical models
are even lower than the simulations, typically by a factor of
2–3. Note that the uncertainty shown for the model of B13 is
the standard error of the mean; the scatter between individ-
ual clusters predicted by B13 is not available because of the
mass limit of the merger tree used by B13, but it is expected
to be much larger than the standard error in the mean, by up
to 1–1.5 dex (Behroozi et al. 2013). In addition, the MACSIS
simulations predict much higher SFRs than TNG300, par-
ticularly at low redshift. However, the discrepancy between
the two simulations is shown to be diminished when only
those with the highest SFRs are compared, particularly at
z& 3, implying that part of this is due to selection (see Ap-
pendix A). Finally, we find that the galaxies lying below the
selection criteria described in Sect. 4 contribute about 15 per
cent of the total SFR at any given redshift, which is relatively
negligible.
In Fig. 5, we also compare the SFRs of individual member
galaxies of the protoclusters at high redshift. Specifically we
choose four high-z protoclusters from the observational com-
pilation that have SFR estimates for each individual galaxy,
which are the GOODS-N protocluster at z= 1.99, the SSA22
structure at z= 3.09 (both with their SFR estimates adopted
from Casey 2016), the DRC at z= 4.00 from Long et al.
(2020) and SPT2349−56 at z= 4.3 (with the SFR estimated
by H20). The SFR for a given galaxy in the simulations is
calculated by summing up the SFR of all particles/cells that
are associated with a given subhalo. We find that using differ-
ent apertures for summing up the SFR does not change our
conclusions. Note that here we plot all progenitors from the
simulation belonging to the TNG300 clusters at z= 0, not
just those in the main haloes. It can be seen not only that
the observed protocluster galaxies have much higher SFRs on
average, but that there are multiple galaxies observed with
SFRs higher than ' 103 M yr−1 even in a single protoclus-
ter; these are not predicted at all from the simulations.
5.3 Concentration of star formation
We also investigate the concentration of the star formation
seen within protoclusters by examining the cumulative frac-
tion of SFR within apertures. Such SFR profiles may give us
hints for where the discrepancy in the total SFR between ob-
servations and simulations might come from. Figure 6 shows
the integrated SFR within apertures of given radii with re-
spect to the total SFR within 5R500, as predicted for the
TNG300 sample. They are compared with those from the
observations, using the SFR profiles adopted from Chapman
et al. (in prep.) and H20. The scatter between the simulated
clusters is large, particularly at the higher redshifts of z& 4,
with the SFR fraction ranging from 0.2 to nearly 1 at R500,
implying a great diversity within the high-z protocluster pop-
ulation, despite their similarity in mass at z= 0. The profiles
from TNG300 are systematically higher on average in the in-
ner regions (i.e. star formation is more centralized) than seen
in the observations, although the difference is within the scat-
ter. The increasing concentration of SFR with increasing red-
shift, as predicted from the simulation, is consistent with the
observations, although the change occurs more rapidly for the
observed protoclusters. We find that the selection criteria for
the simulated galaxies (as described in Sect. 4) has a negligi-
ble impact on the profile, implying that the observed profiles
are also likely insensitive to the current detection limit. Addi-
tionally, the results from TNG300-3 or MACSIS are broadly
consistent with those from TNG300-1, within the uncertain-
ties, indicating that the profile does not depend strongly on
numerical resolution or an overall amplitude of the SFR. We
also confirm that the median profiles from the massive sub-
set of the TNG300 sample are consistent with those from the
whole sample; thus the profile is insensitive to mass for the
mass range of the sample.
6 SPT2349−56 AS A CASE STUDY
In this section, we present a more thorough analysis of the
SPT2349−56 protocluster as a case study to help improve
our understanding of the modelling of protoclusters at high
redshift and their comparison to observations. As described
in Sect. 3, SPT2349−56 is one of the highest-redshift pro-
toclusters identified so far, located at z= 4.3; it shows an
extremely high SFR in the central region of the structure,
which consists of more than 20 galaxies, about half a dozen
of which have SFRs greater than 400 M yr−1 within a pro-
jected radius of 90 kpc (see H20). Here we explicitly consider
23 member galaxies in the densest part of this structure, as
recently identified and studied in H20, with estimates of their
properties also adopted from the same paper. Note that the
protocluster has two more regions with clustered star for-
mation (but with fewer galaxies identified) located farther
from the centre (at about 400 kpc and 2 Mpc in projection),
which we do not include in our analysis. The central region
of SPT2349−56 has a size of about 90 kpc in radius, and an
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Figure 4. Star-formation history, calculated within 5R500, of the main halo for the 25 most massive z = 0 clusters from TNG300 (salmon
line and band showing the median and 99.5 per cent range, respectively), and of the entire MACSIS sample (blue line and band showing
the median and 99.5 per cent range, respectively). For the TNG300 results, the solid line is the median SFH for a subset consisting of the
five most massive clusters, while the dotted line is the median from the whole sample. We also show the results for the 25 most massive
z = 0 clusters from the MACSIS sample as the thin lines in the right panel. The symbols show a compilation of observations from the
literature, as described in Sect. 3 and corrected to the aperture of 5R500 in Sect. 4: the seven protoclusters/overdensities from Casey
(2016); the eight SPT protocluster candidates from Wang et al. (2020); and SPT2349−56 from Hill et al. (2020). The predictions from
the empirical models of Behroozi et al. (2013) (green) and Moster et al. (2013) (grey) are shown for comparison.
analysis of the velocity distribution of the galaxies suggests
that the region is more or less virialized, with an estimated
mass of (9±5)×1012 M (H20). The integrated SFR over all
three regions is estimated to be upwards of 10, 000 M yr−1,
and the comoving volume encompassed by the entire struc-
ture is a few thousand cMpc3. The structure is expected to
evolve to become at least a Coma-cluster-like object in mass
at z' 0.
6.1 Star-formation rates
We begin by examining the SFRs of member galaxies as a
function of their gas mass, Mgas, i.e. the star-formation effi-
ciency, which is shown in Fig. 7. The SFRs and gas masses of
the SPT2349−56 galaxies are adopted from H20, where they
were estimated using their far-infrared (FIR) luminosities and
CO line-emission strengths, respectively. For comparison, we
also present the same properties for the DRC galaxies, which
are at a similar redshift (z' 4.0), based on Long et al. (2020).
Among the total of 11 galaxies from the original paper, we
exclude those labelled DRC-4 and DRC-5 because of the large
uncertainties in their measurements. While the SFRs for the
DRC galaxies were obtained using SED fitting in a similar
way as with SPT2349−56 in H20, we find (as also pointed
out by Long et al. 2020) that their gas mass estimates that
are based on a calibration of the dust continuum are about
an order of magnitude higher than those that are based on
CO luminosity. While it is not entirely clear which method is
more reliable, we choose to estimate the gas mass based on
CO luminosity and use that procedure in our comparisons,
for the sake of consistency with SPT2349−56. It can be seen
that the SFR and star-formation efficiency (as well as the gas
mass distribution) of SPT2349−56 broadly matches that of
the DRC, given the large uncertainties in SFR estimates for
the DRC galaxies (with a typical uncertainty comparable to
the signal).
In the left panel of Fig. 7, the observations are compared
with galaxies within 5R500 of the main halo of the TNG300
sample at its z' 4.4 snapshot, which is the closest to the red-
shift of SPT2349−56. As described in Sect. 4, we only select
and plot the galaxies that pass the cut of SFR > 50 M yr−1,
with a Gaussian scatter of 0.2 dex to crudely mimic the ob-
servational selections. For the simulated galaxies, by using
different colours, we separate in the figure the centrals (blue)
and satellites within (magenta) and outside (black) a pro-
jected distance of 65 kpc from the centre. The value 65 kpc
is the estimated R500 for SPT2349−56 from Sect. 5 and also
matches the size of the ‘core’ of the structure defined in Miller
et al. (2018). The sizes of the circles in the figure for both the
SPT2349−56 and simulated galaxies is proportional to the
size of the subhaloes that each individual galaxy is associated
with, which is derived from their total masses (including the
dark-matter mass). The total masses of satellite galaxies are
estimated assuming that they follow the same gas-to-total
mass ratio as the central galaxies. This procedure thus ac-
counts for mass loss due to stripping for satellites after their
accretion onto a larger halo. We apply the same gas-to-total
mass relation from central galaxies in the simulations, to esti-
mate the total mass for the SPT2349−56 galaxies. The total
mass summed over all SPT2349−56 galaxies estimated in this
way is ' 5.2× 1012 M, broadly consistent with the dynam-
ical mass estimate of the entire structure, (9± 5)× 1012 M
from Hill et al. (2020). However, note that the dynamical
mass takes into account all contributions to mass within the
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Figure 5. Histogram (with arbitrary normalizations) of the mem-
ber galaxy SFRs of the 25 most massive protoclusters from
TNG300, shown specifically at z' 2, 3, and 4 (salmon). The
symbols show the observational compilation, which includes the
GOODS-N protocluster at z= 2.0, the SSA22 structure at z= 3.1
(both with their SFR estimates adopted from Casey 2016), the
DRC at z= 4.0 from Long et al. (2020) and SPT2349−56 at z= 4.3
with the SFR estimated by Hill et al. (2020).
structure, and is thus supposed to be higher than a mass sum
of individual member galaxies as computed by the model.
It can clearly be seen in the left panel of Fig. 7 that the
SFRs are more than an order of magnitude higher at a given
gas mass for the SPT2349−56 galaxies than for the simulated
ones, over a span of a factor of 100 in gas mass. The uncer-
tainty in the observational measurements, indicated by the
error bars, is dominated by the CO-to-gas conversion factor,
αCO, which ranges typically between 0.5 and 5 in the liter-
ature. For the data points, we fix the conversion factor to
the value adopted in H20, which is exactly 1. Another inter-
esting discrepancy found between the observations and the
simulations is that SPT2349−56 is apparently missing a dis-
tinct ‘central’ galaxy; SPT2349−56 lacks a clear separation
between its central galaxy and satellites, unlike for the proto-
clusters in TNG300 that have centrals that clearly stand out
because of their large gas reservoirs (with Mgas ' 1012 M),
but also because of their much higher SFRs and total masses
(as indicated in the figure by the sizes of the circles) than for
satellites. The most massive member of the SPT2349−56 sys-
tem only has its gas mass and total mass comparable to those
of massive satellites from the simulations, while their SFRs
are all comparable to that of centrals from the simulations.
This may indicate that SPT2349−56 is at an earlier stage of
evolution than a typical protocluster in the simulations.
The middle panel of Fig. 7 presents the same comparison,
but now for the MACSIS protoclusters at its z= 4.1 snapshot,
the snapshot closest to SPT2349−56 in redshift. One can
see that the discrepancy in SFR relative to the SPT2349−56
galaxies is similar to that from TNG300 at a high gas mass
of Mgas & 1011 M, but becomes more significant at lower
gas mass. We discuss this in more detail in Sect. 8, focusing
on the issue of numerical convergence.
For both the TNG300 and MACSIS samples we also see
that the simulated galaxies within 65 kpc have higher SFRs
on average than those outside of this radius at a given gas
mass and total mass. This indicates that galaxies in denser re-
gions have more triggered star formation, which is consistent
with a model where tidal interactions occurring in mergers or
dense environments can elevate star formation. We do not see
any difference between the galaxies from the massive subset
of the TNG300 sample (circles) and from the whole sample
(dots). We find that using gas mass or SFR integrated in a dif-
ferent aperture for the simulated galaxies does not change any
of the conclusions qualitatively, mainly because a change in
aperture only moves the galaxies diagonally along the SFR–
gas-mass sequence. Clearly, both TNG300 and MACSIS sim-
ulations predict much less active star formation than what is
found among the SPT2349−56 galaxies of similar gas mass.
In Sect. 8 we discuss possible origins and explanations for
these discrepancies, as well as limitations in making the com-
parisons.
6.2 Gas fraction
To further explore the characteristics of galaxies in proto-
clusters, in this subsection we compare the gas fractions of
the SPT2349−56 galaxies with those of the simulated galax-
ies. We adopt the stellar mass estimates for the SPT2349−56
galaxies from Rotermund et al. (2020), which are estimated
using SED fitting. Figure 8 compares the gas mass fraction
of each individual galaxy from the simulations with the esti-
mates for SPT2349−56. The samples shown and the mean-
ings of the colours and sizes of the circles are the same as
in Fig. 7. For comparison we show the stellar masses for
the DRC galaxies taken from Long et al. (2020), estimated
from SED fitting. As was the case for the SFR-gas mass
comparison, the DRC galaxies are located very close to the
SPT2349−56 galaxies, indicating that they belong to a sim-
ilar population at their redshift. The simulated galaxies, on
the other hand, show a significantly higher gas-mass frac-
tion of ' 0.7 and above. This is likely due to their much
lower SFRs at a given gas mass, as shown previously, leading
to smaller numbers of stars forming relative to the observa-
tions. Estimates of fgas obtained from observations at high
redshifts typically show a wide range of values: for instance,
Tadaki et al. (2019) measured a median fgas of 0.77, with a
spread from 0.4 to 0.9, for galaxies in three protoclusters at
z = 2.16–2.53 based on their ALMA CO(3–2) observations,
which is more or less consistent with the predicted values
from the simulations. The gas fraction for SPT2349−56 is,
on the other hand, significantly lower, with an average value
of ' 0.2, although the measurement error is large due to the
uncertainty in the conversion factors. Also note that the pre-
viously mentioned discrepancy by a factor of 10 between the
gas mass estimated from CO luminosity versus dust contin-
uum can by itself elevate the average fgas of SPT2349−56 to
around 0.7.
6.3 Comparison with field SMGs
One of the findings from Rotermund et al. (2020) is that the
SPT2349−56 galaxies do not appear to stand out relative to
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Figure 6. Cumulative SFR profile, normalized by that at 5R500, for the main haloes of the 25 most massive protoclusters from TNG300
at redshifts of 6–7 (left panel), 4.4 (middle panel) and 2.2 (right panel), with the salmon lines and bands showing the median, 68 per cent
and 99.5 per cent ranges, respectively. The grey step functions show the observational compilation, with the SFR profiles for SPT0348−62
(left panel; from Chapman et al. in prep.), SPT2349−56 (middle; from Hill et al. (2020)), and the SSA22 structure, the GOODS-N
protocluster and MRC1138−262 (right; all from Hill et al. (2020)). The R500 values are estimated based on Chapman et al. in prep. (left),
Hill et al. (2020) (middle) and Casey (2016), using the correction to aperture mass as described in Sect. 4.
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Figure 7. SFRs of galaxies in the main halo of the simulated protoclusters (unfilled circles) at z' 4.3, shown separately for centrals (blue)
and for satellites within (magenta) and outside (black) 65 kpc (which is the estimated R500 value for SPT2349−56 from Sect. 5) from
the centre. The results are shown for TNG300-1 (left), MACSIS(middle) and TNG300-3 (right). For TNG300-1, the galaxies belonging
to the five most massive clusters are shown by the solid circles, while the dotted circles indicate the others. The dark (light) grey dots
show other central (satellite) galaxies from the simulations that do not belong to the sampled protoclusters. The vertical lines indicate the
mass limits corresponding to the cut of 100 particles for each simulation (Sect. 4). For comparison, the red circles show the observations
for the member galaxies of the SPT2349−56 protocluster from Hill et al. (2020), while the green stars show the DRC galaxies based on
Long et al. (2020), but with the gas mass estimated directly from CO luminosity. The sizes of the circles for both the simulations and
SPT2349−56 are proportional to the sizes of the subhaloes associated with the galaxies, calculated based on the total mass of subhaloes,
with the correction for mass loss due to stripping as described in the text. Finally, the orange dots show SMGs at z= 4–6 observed with
ALMA, from Scoville et al. (2016).
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Figure 8. Gas fractions of galaxies in the main halo of the simulated protoclusters (unfilled circles) at z' 4.3, shown separately for
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that do not belong to the sampled protoclusters. The vertical lines indicate the mass limits corresponding to the limit of 100 particles
for the definition of objects in each simulation (Sect. 4). For comparison, the red circles show the observations for the member galaxies
of the SPT2349−56 protocluster, with their gas masses and stellar masses adopted from Hill et al. (2020) and Rotermund et al. (2020),
respectively. The green stars show the DRC galaxies based on Long et al. (2020), but with the gas mass estimated directly from CO
luminosity. The sizes of the circles for both the simulations and SPT2349−56 are proportional to the sizes of the subhaloes associated with
the galaxies, calculated based on the total mass of subhaloes, with the correction for mass loss due to stripping as described in Sect. 6.1.
Finally, the orange dots show the SMGs at z= 4–6 observed with ALMA, from Scoville et al. (2016).
field SMGs, i.e. galaxies that are identified with high SFR,
but do not belong to observationally identified protoclusters.
We use the words ‘field SMGs’ here even although they are
not necessarily field galaxies in a strict sense, since they might
still belong to a dense environment or be involved in mergers
(as suggested by their high SFRs). We take the high-z SMG
samples from Scoville et al. (2016), which were observed with
ALMA at redshifts between 4 and 6, as field SMGs to be com-
pared with the protocluster SMGs. The gas masses of the field
SMGs in the original paper were estimated using an approach
similar to that of Long et al. (2020), which leads to higher
gas mass estimates by around an order of magnitude com-
pared with estimates based on CO luminosity. We thus scale
the gas mass estimates by 1/10 for a consistent comparison
between the observations.
In Figs. 7 and 8, the field SMGs chosen are compared with
the protocluster galaxies from both observations and simula-
tions. From the simulations, we apply the same criteria, i.e.
any galaxy with a high SFR that does not belong to a pro-
tocluster with a mass similar to the observed protoclusters
is defined and selected as a ‘field’ SMG. From the observa-
tions, the field SMGs have properties that are remarkably
similar to those of the protocluster galaxies. This indicates
that the observed protoclusters, even including SPT2349−56,
stand out only because of their assembly, i.e. by the extreme
overdensity of SMGs. However, in the simulations, the pro-
tocluster galaxies clearly show higher SFRs (and thus higher
star-formation efficiencies) and lower gas-mass fractions than
field galaxies at a given gas mass. This is an indication that,
in the simulations, star formation in galaxies is induced and
boosted more by mergers and interactions in denser environ-
ments, which was also indicated by the higher SFRs in galax-
ies found in the inner regions compared to the outer regions
of the simulated protoclusters, unlike in the observations.
6.4 Abundance and mass function
Figure 9 shows the gas-mass function of the protoclus-
ter galaxies per comoving volume within R500, predicted
from the TNG300 sample. These are compared with the
mass functions obtained by Chapman et al. (in prep.)
for SPT2349−56 and five more SPT protocluster candi-
dates, including SPT0311−58, SPT0348−62, SPT0457−49,
SPT0553−50 and SPT2052−56. The observational samples
are all at redshift of 4 or above. The abundance of the simu-
lated protocluster galaxies is systematically lower than that
coming from the observations, particularly at lower gas mass,
although the scatter among individual simulated objects is
substantial (much more than the scatter seen in the observa-
tional sample), covering almost a factor of 10 in the number
of galaxies per unit volume.
7 PREDICTIONS AT HIGHER REDSHIFT
Simulations allow us to make predictions for the evolution of
protoclusters out to even higher redshifts than have yet been
seen in the observations. However, with upcoming large and
deep millimetre-wave surveys, we should expect that even
more distant protoclusters will be discovered. While several
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Figure 9. Gas mass function of galaxies in the main halo of the
25 most massive protoclusters from TNG300 at z' 4.3, with the
salmon lines and bands showing the median and 68 and 99.5 per
cent ranges, respectively. The step functions show the observa-
tional compilation from Chapman et al. (in prep.), which con-
sists of SPT2349−56 (red), as well as SPT0311−58, SPT0348−62,
SPT0457−49, SPT0553−50 and SPT2052−56 (grey). The dot-
dashed line shows the prediction for the TNG300 sample at z' 7.
earlier figures in this paper have shown some predictions out
to high redshift, Fig. 10 explicitly shows the results for the
SFRs and gas mass fractions of protocluster galaxies at a
redshift of z' 7 from TNG300. It can be seen that the sim-
ulations predict that the central galaxies of protoclusters are
more distinct from their satellites at higher redshift, and also
that field SMGs become less distinct from protocluster galax-
ies than generally seen at lower redshift. We already men-
tioned that the SFR profile of protoclusters is predicted to
be denser at higher redshift (Fig. 6), broadly consistent with
observations. We also find that the integrated SFRs of pro-
toclusters are predicted to be lower by up to an order of
magnitude at higher redshift, relative to its peak at z' 4–5
(Figs. 3 and 4). Finally, the expected mass of a progenitor at
z' 6–7 for a Coma cluster-like object is 1011–1012 M, with
a size (R500) between 10 and 30 kpc (Fig. 2). Discovery of
protoclusters at such redshifts, and the subsequent study of
their physical properties, will therefore provide strong tests of
whether the simulations contain the necessary star-formation
prescriptions.
8 DISCUSSION
8.1 Resolution dependence
As briefly mentioned in Sect. 2, the dependence on numerical
resolution for some of the model predictions from hydrody-
namical simulations remains a fundamental limitation, while
the level of this dependence and the rate at which numerical
convergence is reached as resolution is increased is highly de-
pendent on both the choice of observables and the scales of
interest (e.g. Schaye et al. 2015; Pillepich et al. 2018a). The
right panel of Fig. 7 shows the SFRs of protocluster galaxies
at a given gas mass; this is the same as the left panel of the
same figure, but using the results from TNG300-3, whose res-
olution is lower by a factor of 64 (4) in mass (spatial) scale.
Note that this resolution difference corresponds to ‘two lev-
els’ of difference, with a factor of 8 (2) difference typically
regarded as ‘one level’ of difference in numerical simulations.
One can clearly see that the SFRs of galaxies (in particu-
lar those with smaller gas mass) predicted from TNG300-3
are significantly lower than from TNG300-1 by more than a
factor of 3 (0.5 dex) in some cases. Indeed, the results from
the MACSIS simulations shown in the middle panel of the
same figure, whose resolution is close to TNG300-3 (with less
than ‘one level’ of difference in resolution), are very similar to
those from TNG300-3. This may also indicate that the differ-
ences in resolution dominate the effects of any difference in
the hydro solvers between the two simulations, which can also
affect the predictions. Similarly, we find that the predictions
from TNG300-2, whose resolution is between TNG300-1 and
TNG300-3, are between those from TNG300-1 and TNG300-
3 (although the results are not shown). The right panel of
Fig. 8 presents the same results for the gas fraction as in the
left panel of the figure, but for TNG300-3; this is also shown
to be sensitive to the resolution, likely due to the resolution
dependence of the SFRs transferred to the stellar masses.
All these considerations imply that star formation in high-z
protocluster galaxies as predicted by simulations strongly de-
pend on numerical resolution, likely dominating other factors
and differences in models that might affect the comparison.
This is despite the fact that the details of the sub-grid physics
have been tuned to match the properties of typical galaxies
(even although tuning to match the properties of average
galaxies does not guarantee a match to properties for a par-
ticular subset of galaxies, e.g. the SFR-selected protoclusters
at high-z studied in this paper), making them important con-
straints for models, as will be discussed in detail in Sect. 8.3).
One factor that may be responsible for such a strong resolu-
tion dependence of SFR from simulations is that the spatial
resolution of the simulations is insufficient to resolve tidal
torques, which can lead to an underestimation of starbursts
driven by mergers or tidal interactions of galaxies (Sparre
et al. 2015; Sparre & Springel 2016). As shown in this paper
and also in other previous studies (e.g., Grand et al. 2017;
Pillepich et al. 2018a), the numerical convergence of predic-
tions for star formation has not yet been fully reached. This
also naturally leads to a choice to make between so-called
weak and strong convergence, as discussed in e.g. Schaye et al.
(2015), i.e. whether or not to ‘re-scale’ the parameters of sub-
grid models when changing resolution. We only briefly discuss
this here and refer the reader to the original papers specific to
the topic. The idea arises because, as just mentioned, in any
simulation relying on subgrid prescriptions, the parameters
are just values tuned to match observations at a given resolu-
tion. Thus, in principle, there is no logical reason to keep the
parameter values the same when changing resolution, even if
the models themselves and other components of a simulation
remain the same. Weak convergence is considered to be met
when the parameters are re-scaled for a given resolution and
the predictions with the re-scaled parameters do not change.
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Strong convergence, on the other hand, is considered to be
met when the predictions do not vary with resolution, while
the parameters are kept the same.
So far we have been only discussing the spatial resolution,
while, for the specific topic of this paper, the time resolu-
tion between simulation snapshots and outputs may also be
important. Using SPT2349−56 as the initial conditions for
an N -body simulation, Rennehan et al. (2020) found that it
takes 100 Myr or less for all 23 central galaxies to merge and
form a single galaxy. Because the timescale for the merger
process is only comparable to or less than that between the
TNG300 snapshots (and much shorter than that of MACSIS),
it is likely that some systems undergoing a rapid collapse with
an extremely boosted total SFR are ‘invisible’ in any of the
simulation snapshots.
8.2 Uncertainty in abundance
As we have already mentioned, it is not straightforward to es-
timate the number density of observed protoclusters because
not all of them are detected and selected with the same cri-
teria and also because they are extremely rare objects. For
these reasons, the estimated abundance of massive protoclus-
ters quoted in the literature generally ranges over two orders
of magnitude, and some studies hint that it may be as low as
only one per 10 Gpc3 depending on the selection criteria (e.g.
Wang et al. 2020), which is smaller than the abundance we
assumed in our analysis by more than a factor of 10. Although
MACIS, the largest simulation in our study, is expected to
contain at least a few massive protoclusters, there could still
be none, due to chance within Poisson statistics, the specific
choice of initial conditions, or a sample selection that does
not perfectly match the observational selections.
8.3 Other limitations
Another limitation of the simulations that may affect the
comparisons are how black holes are seeded in the models.
We find that most galaxies in the simulations have active
AGN, and this may therefore affect the impact of AGN feed-
back. More specifically, in the simulations used in our anal-
ysis, black holes are seeded at the centres of galaxies, which
may increase the strength of feedback (i.e. creating stronger
outflows), and suppress star formation relative to possibly
off-centred or moving black holes in real galaxies or in some
other simulations (Tremmel et al. 2017, 2019).
Another caveat of the models is that they are normally de-
signed to yield accurate predictions for average populations,
since the observations with which the models are tuned are
usually dominated by typical galaxies at any given redshift
and mass scale. Additionally, the galaxy relations used to
adjust the details of the models (including star-formation
recipes and feedback) often concentrate on populations of
galaxies selected through something close to stellar mass
in the optical. On the other hand, we have been stressing
here the alternative selection (at longer wavelengths) through
SFR. Because of this, models may not be tuned in such a way
that rare, extreme objects such as protoclusters with high
star formation at high-z are represented properly. So per-
haps the discrepancies between the simulated and real proto-
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clusters is telling us that the models need to be specifically
adapted in the high-SFR regime. Yet another issue with mod-
els is degeneracy; most simulations use observations at rela-
tively low redshifts, such as the IMF or scaling relations at
z' 0, to tune their model parameters, while in practice dif-
ferent evolutionary paths of galaxies may lead to remarkably
similar z= 0 scaling relations.
Furthermore, comparisons between observations and mod-
els are non-trivial, with several issues leading to general lim-
itations. One such issue is selection effects. Protoclusters in
this study are normally identified through their extremely
high estimated SFRs. Although our analysis tried to mini-
mize selection effects by applying selection cuts in both mass
and SFR, as well as by inspecting all individual objects, there
could still be a residual selection bias due to the large uncer-
tainty in the number densities of the observed protoclusters
(that we used to select the samples). Another, related caveat
is a variance in the sampling of populations due to limited
volume and realizations, which is purely statistical in nature.
Moreover, fluctuation modes with scales larger than the size
of the periodic box are lost in simulations. The sampling vari-
ance may be a particular issue for the study presented in this
paper, where attention is focused on some of the rarest ob-
jects in the Universe.
Finally, observational measurements, and estimates de-
rived from them, are accompanied by uncertainties of their
own. These can be substantial in size, particularly regard-
ing the conversion factors used to compute SFRs and masses
from direct observables, including rest-frame FIR fluxes and
line-emission strengths. As already mentioned in Sect. 6, a
different calibration using the dust continuum results in gas-
mass estimates higher by about an order of magnitude than
gas masses estimated from CO line intensities. Moreover, the
αCO conversion factor currently adopted in the literature
spans about an order of magnitude (e.g., Carilli & Walter
2013; Bolatto 2015; Aravena et al. 2016; Bothwell et al. 2017).
Conversion factors between different line transitions are an-
other source of uncertainty of the same kind (e.g., Bothwell
et al. 2013; Spilker et al. 2014). Additionally, the ratio of
SFR to FIR flux density used in studies is usually assumed
to be a single value over all galaxies (e.g. Barger et al. 2014),
while the actual ratio is probably subject to the dust absorp-
tion efficiency of each individual galaxy (e.g. Safarzadeh et al.
2016), as well as geometrical effects. Lastly, the conversions
are often made through factors that are mostly derived based
on observations at low redshift (that are largely untested at
high redshift), which adds additional uncertainties.
9 SUMMARY AND CONCLUSIONS
In this paper we have presented a comparison between model
predictions and observations regarding the properties of star-
formation-selected protoclusters, using a high-resolution hy-
drodynamical cosmological simulation, TNG300, and zoom
simulations of 390 massive clusters, MACSIS, together with
two empirical galaxy formation models from Behroozi et al.
(2013) and Moster et al. (2013). The models chosen have dif-
ferent advantages and caveats of their own, such that they are
complementary to each other, allowing us to explore a wide
range of limitations that might be included in current mod-
els. For comparison with observational data, we have used
a compilation of observations of a total of 17 protoclusters
from the literature, which are located between redshift 2 and
7, specifically focusing on structures selected through the ac-
tive star formation of their member galaxies. We paid extra
attention to ensure that comparisons are fair and uniform by
shifting to quantities in the same apertures (of 5R500) and by
applying a selection cut for simulated galaxies to mimic ob-
servations. We found that the difference between using and
not using these aperture corrections is significant. We also
checked that the conclusions did not change when the selec-
tion of (proto)clusters and their main haloes in the simula-
tions was made based on their mass at z= 0 or their SFR at
each redshift.
Despite uncertainties included in the data arising from dif-
ferent ways of estimating mass, we have found good agree-
ment for the mass-accretion history (MAH) of protoclusters
between the models and the data. By this we mean that most
(proto)clusters in the sample lie on the same evolutionary
path to become a Coma-like cluster at z' 0, with a typical to-
tal mass of M200' 1013.5−14M at z= 2 and ' 1012.5−13M
at z= 4. This good agreement indicates that the protoclusters
from the models that we used in our analysis are representa-
tive of the most massive objects seen in the observations.
So the haloes appear to match what is needed to make high-
redshift protoclusters – but what about their star-formation
properties? To answer this question we investigated the SFHs
of simulated protoclusters, and here the simulations are in
much poorer agreement with the data. Most strikingly, simu-
lations predict at z > 2 a total SFR of a few hundred M yr−1,
on average, and up to a few thousand M yr−1 in protoclus-
ters, while the observational data indicate a higher SFR by a
factor of at least 3. From each of the simulations, only the pro-
toclusters with the highest SFRs marginally overlap with the
observed protoclusters of the lowest SFRs at z > 2. Clearly,
current simulations do not produce protoclusters that match
the observations. Given the good agreement previously found
for the MAH, this substantial discrepancy implies a deficiency
of star formation in haloes of similar mass.
Furthermore, the simulated protoclusters are found to have
highly centralized star formation, with about 80 per cent (50
per cent) of the total star formation within 5R500 actually
occurring within R500 at z' 4 (z' 2.5), which is somewhat
higher on average than seen in observations. The simulations
agree qualitatively with the observation that the SFR profile
becomes even denser with increasing redshift. However, the
total SFRs of protocluster as a whole at any given redshift are
predicted to be dominated by the star formation occurring
outside 5R500, implying a change in the slope of the SFR
profile for a given protocluster.
The discrepancy in SFR is found not only for entire pro-
toclusters, but also for their individual member galaxies.
Simulations lack member galaxies with SFRs greater than
103 M yr−1, which are confirmed to exist in observations
(assuming of course that the data-based SFR estimates are
correct). Using SPT2349−56 as a case study to further in-
vestigate these discrepancies, we find that the instantaneous
SFRs of galaxies at a given gas mass are higher by more
than an order of magnitude for the SPT2349−56 galaxies
compared to the simulations. The simulations also predict a
much higher gas fraction of about 0.7 for protocluster galax-
ies, compared to the value of around 0.2 found from the ob-
servations. Finally, protocluster galaxies from the simulations
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show boosted SFRs in denser environments (possibly due to
mergers and tidal interactions), whereas those in the obser-
vations show no obvious difference relative to SMGs that are
not in protoclusters.
We show that all these discrepancies can, in large part, be
traced to the resolution dependence of SFRs in simulations.
Simulations with lower resolution, by a factor of 64 in mass,
yield a drop of about a factor of 3 in SFR for galaxies at a
given gas mass. One possible explanation is that this may be
due to insufficient resolution to resolve tidal torques, which
may lead to an underestimation of the star formation trig-
gered by mergers or the tidal interactions of galaxies. Also,
the limited time resolution between the simulation snapshots
(> 70 Myr) is lower than the estimated timescale of collapse
for a system like SPT2349−56 (Rennehan et al. 2020), mean-
ing that some overdense systems undergoing rapid coales-
cence may not be properly captured in any simulation snap-
shot. Additionally, uncertainty in the estimated abundance
of observed protoclusters and sample selection poses an am-
biguity in our comparisons.
Other uncertainties, including the seeding of black holes,
assumptions based on low-z observations, and ambiguities
in comparing simulated data with direct observables, may
also add biases to our comparisons. Also, models are usu-
ally tuned to match observations averaged over populations
and at z' 0, making less obvious their predictive power for
extreme objects at high redshift, such as the star-formation-
selected protoclusters investigated in this paper. Such ob-
jects may therefore be important to study in order to refine
the sub-grid physics recipes in the simulations, and hence to
learn more about the connections between star formation and
structure formation in the early Universe.
Continuing and future millimetre-wavelength surveys are
likely to probe even rarer star-forming protoclusters at higher
redshifts. We therefore also presented the predictions of sim-
ulations for protoclusters out to z' 7. Here we find that cen-
tral galaxies are more distinct relative to satellites, and that
galaxies in protoclusters stand out less distinctly compared
to star-forming galaxies outside of protoclusters. Moreover,
galaxies are predicted to be more gas rich, but with signifi-
cantly lower star-formation efficiencies, on average, in haloes
of a given mass than at lower redshift. The gathering of larger
samples of protoclusters, extending out to higher redshifts, is
therefore likely to be even more useful for refining our under-
standing of star formation within early structures.
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APPENDIX A: SFR-BASED SELECTION OF
PROTOCLUSTERS AND MAIN HALOES
Selecting the protoclusters and their main haloes from sim-
ulations based on their SFR, instead of their mass, may be
more appropriate for the comparisons presented here because
the protocluster samples from the observations were mainly
selected because of their high SFRs. Massive z= 0 clusters
in simulations are shown to have a wide spread in their ac-
cretion histories, such as the redshift of their first collapse
and the fraction of those with major mergers at high redshift
(Rennehan et al. 2020). Additionally, the most massive clus-
ters selected at z= 0 are not necessarily the most massive
ones at high z. Thus, here we consider two changes in the
selection of simulated protoclusters and their main haloes:
we choose the 25 protoclusters with the highest total SFRs
from the simulation snapshots at each given redshift (instead
of selecting the 25 most massive ones at z= 0, and track-
ing them across the snapshots), and we also define the ‘main’
haloes to be the ones with the highest SFRs among all haloes
of a given protocluster (we continue to use the same defini-
tion of a protocluster as in Sect. 4, namely the collection
of all progenitors that end up in a common z= 0 cluster).
Note, however, that with this definition we are not tracking
the ‘same’ haloes across the snapshots, because the rank in
SFR changes between redshifts, thus any trend with redshift
cannot be considered as physical evolution.
Figure A1 shows M200 and R500 for the main haloes of
the protoclusters selected and defined as above, from both
the TNG300 and MACSIS simulations. Note that selecting
the 25 protoclusters with the highest SFR is not possible for
MACSIS, since the zoom simulations contain only objects
pre-selected based on their z= 0 mass. The SFR-based defini-
tion of the main halo, on the other hand, is possible and is ap-
plied for the MACSIS samples in this figure. The wide spread
and substantial fluctuation found in the mass at z. 2 is due
to the SFH, shown in Fig. 3, which makes the SFR-based se-
lection rapidly change the objects it tracks. For both TNG300
and MACSIS, the mass distribution of the main haloes of pro-
toclusters at z& 2 is shown to be much narrower for the SFR-
selected samples than for the z= 0 mass-selected samples.
This is mainly because the MAH is vastly different among
individual z= 0 clusters, and thus the 25 most massive clus-
ters picked up at z= 0 do not perfectly match those picked up
at the higher redshifts, even though the mass is still strongly
correlated with SFR at high redshift. The MACSIS samples,
on the other hand, for which the selection of protoclusters
is still based on the z= 0 mass, show a similar dispersion in
mass at high redshift compared to what is seen in Fig. 2. This
indicates that it is the selection of protoclusters, rather than
the definition of the main halo, that affects samples and thus
the comparisons at high-z, which we directly confirm from the
simulations. The mass across redshift obtained with the SFR-
based selection shows improved agreement with the observa-
tions, despite the considerably reduced object-to-object scat-
ter, indicating that the SFR-based selection is a better repre-
sentation of the observed protoclusters, as expected. Excep-
tions are HDF 850.1 and the AzTEC-3 structure, for which
the mass estimates are less reliable. The simulations predict
that the median mass can be roughly described by two linear
relations (in log-space for the mass) with the slope changing
at z' 3. TNG300 predicts that the masses of protoclusters at
z& 3 can be described fairly well by a simple linear function
as log10M200(z) = 13.15− 0.30(z− 3). At z& 4.5, the scatter
around this relation is very small, about 0.1 dex, predicting
that the masses of observed protoclusters should be more or
less the same at a given redshift. Similarly, the size at z& 3
is described well by log10R500(z) =−0.92− 0.18(z− 3), with
a scatter of around 0.03 dex.
Figure A2 shows the same SFH as in Fig. 4, calculated
within 5R500 of the main halo, but for the SFR-selected sam-
ples, compared to the same observations. One can see that
the most notable change is the highly elevated lower limit in
SFR, and the median trend also changes significantly by up
to an order of magnitude. The upper limit, however, barely
shifts, thus retaining a significant discrepancy with the ob-
servations, indicating that the protoclusters with the highest
SFRs at high redshift are among the most massive ones at
z= 0. Finally, we directly check that the discrepancy with the
observations remains at a similar level even when selecting
the highest SFR haloes (regardless of their association with
clusters, even allowing for the selection of multiple haloes
within a single protocluster as long as they have the high-
est SFR at a given redshift) in each snapshot from TNG300.
This simply shows that there is no object in the simulations
with an SFR high enough to match those of the observed
protoclusters.
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Figure A1. Mass (left) and size (right) of the main haloes as a function of redshift, the same as in Fig. 2, but for the SFR-selected
sample (see the text for details of the selection) from TNG300 (salmon lines) and from MACSIS (blue line and band for the median and
99.5 per cent range, respectively). The symbols represent the same observational compilation as in Fig. 2. We find that the mass and size
at z& 3 are described well by a linear function of log10M200(z) = 13.15− 0.30(z− 3) and log10R500(z) =−0.92− 0.18(z− 3), respectively
(grey dashed lines). The scatter around these relations are remarkably small at z& 4.5, meaning that most protoclusters observationally
selected for their high SFR would essentially have the same mass and size at a given redshift.
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Figure A2. Star-formation rate, calculated within 5R500, of the main haloes selected at a given redshift for the SFR-selected sample
from TNG300 (salmon line and band showing the median and 99.5 per cent range, respectively) and from MACSIS (blue line and band
showing the median and 99.5 per cent range, respectively). The symbols show the same compilation of observations from the literature,
as described in Sect. 3 and corrected to the aperture of 5R500 in Sect. 4.
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